The effect of donor space charge on electron capture processes in AlGaAs/GaAs multiple quantum well infrared photodetectors (QWIPs) is studied using an ensemble Monte Carlo (MC) particle modeling. It is shown that the corrugation of the conduction band edge due to donor charges in the inter-QW barriers strongly influences the electron distribution over energies and the electric-field dependence of the electron capture rate. Vertical nonuniformity of the donor distributions in QWs results in an asymmetry in the electric-field dependence of the capture parameter. This effect can essentially contribute to the asymmetry in the QWIP current-voltage characteristics in the dark condition and under illumination.
Introduction
Electron capture processes, i.e., the transitions of electrons from continuum states above the barriers to bound states, play an important role in quantum well infrared photodetectors (QWIPs). [1] [2] [3] Such processes directly affect the dark current and photoelectric current gain, [1] [2] [3] [4] [5] lateral spreading of photoexcited electrons, 6) and frequency-dependent characteristics [7] [8] [9] [10] [11] [12] of QWIPs and other QW-based devices. Due to specific conditions for QWIP operation (reduced temperatures and strong electric fields) the electrons in continuum states are usually distributed over a wide energy range. As assumed, the main mechanism of the electron capture is associated with the emission of optical phonons by low-energy electrons (see, for example, refs. 2,13,14, and 15), namely, by electrons with energy lower than the optical phonon energy. Hence, the capture rate is fairly sensitive to the electron energy distribution which, in turn, strongly depends on the electric field. Thus, to obtain the capture characteristics, the electron energy distributions under an electric field and, in particular, the fraction of electrons having energy less than the optical phonon energy should be calculated. An ensemble Monte Carlo (MC) particle modeling is an effective tool to solve such problems. Ensemble MC particle methods have been previously used for the study of steady-state and transient effects in QWIPs in strong electric fields by several authors [16] [17] [18] [19] [20] (see also refs. 21 and 22 where some strongly nonequilibrium phenomena in multiple QW structures have been considered using MC modeling as well). In particular, it has been demonstrated by MC simulations that the macroscopic capture parameter p c (capture probability 4) ), which relates the electron capture rate (C) into a QW to the current density in a QWIP ( j) by the equation C = p c j/e, where e is the electron charge, drops dramatically with increasing electric field due to a significant decrease in the fraction of low-energy electrons. The capture parameter decreases with the inter-QW barrier thickness if the latter is in the range of relatively small values. All this is in line with experimental results. 1, 2) However, as shown experimentally, 2, 23) the capture parameter can increase when the barrier thickness exceeds a certain value (of about 50 nm). capture with optical phonon emission. 14) In this study, we investigate the effect of donor space charges in the barriers and QWs on the electron capture processes in QWIPs using an ensemble MC particle method. We calculate the macroscopic capture parameter p c for QWIPs with different QW structure periods and doping levels. The role of an asymmetric electric-field dependence of the capture parameter in asymmetric current-voltage characteristics in the dark condition and under illumination is evaluated as well. We generalize the previous results 20) for cases when barrier doping is not negligible and the effect of donor migration in QWs is essential.
Model
We consider AlGaAs/GaAs QWIPs which consist of a large number of donor-doped QWs separated by relatively thick lightly doped (unintentionally) barriers under applied voltage creating an electric field perpendicular to the QW plane. It is assumed that structural parameters are chosen to provide the operation utilizing the bound-to-continuum electron transitions. QW thickness L w is usually much smaller than the thickness of inter-QW barriers L b , hence L w This effect is attributed 24) to the charges accumulated in the barriers due to ionized donors. Donor charges in the barriers can create a significant upward band bending resulting in the corrugation of the conduction band edge and strongly affecting the electron dynamics.
Nonuniform distribution of donors in a QW (in the growth direction) leads to its asymmetric form. Such a nonuniformity can be both intentional and associated with the migration of donors toward the growth front during QWIP structure fabrication. 24, 25) An asymmetry of QWs due to their asymmetric doping is considered to be the main factor responsible for the difference in the experimentally observed forward and reverse current-voltage characteristics of QWIPs. 25) The observed asymmetry of the QWIP current-voltage characteristics is assigned to the difference in the electron escape rates for different polarities of the external electric field. Such a difference, in turn, is associated with the difference in the heights of the left-hand and right-hand side barriers. Apart from this, an asymmetry of the capture rate as a function of the electric field can add complexity to the current-voltage characteristics of QWIPs. This effect can be due to the influence of barrier asymmetry on the microscopic probability of the electron
where L is the period of the QWIP structure. As the number of QWs N is large, the role of contacts is neglected, and, consequently, all the QW structure periods in the QWIP bulk are considered to be identical. The temperature T is assumed to be 77 K. The space charge in the QWIPs under consideration is due to the presence of ionized donors in the barriers and due to the difference in the spatial distributions of donors and electrons in QWs. The electric field in the bulk of QWIPs with a large number of uniformly doped QWs and pure barriers is usually nearly uniform 8, [26] [27] [28] [29] (except in some special cases 30, 31) ) and the QW structure as a whole is quasineutral. To obtain the dependence of the capture parameter on the local electric field, we intentionally leave aside contact effects. 8, [26] [27] [28] [29] [30] [31] The conduction band edge profile in a multiple QWIP under applied voltage derived with the inclusion of the donor charge effects exhibits a corrugated form, as shown in Fig. 1 .
The transport of electrons in the continuum states above the barriers is considered on the base of the -, L-, and Xvalleys conduction band. The model takes into account the nonparabolicity of the electron spectrum, all significant scattering mechanisms, and the electron reflection from the heterointerfaces between the QWs and the barriers. 17, 18, 20) The parameters of the band structure and scattering correspond to those in ref. 32 .
The self-consistent electric field was calculated using a one-dimensional Poisson equation which takes into account the space charge in the QWIP structure. In the regimes under consideration, the space charge of electrons over the barriers was negligible in comparison with the noncompensated charges in QWs and the donor charges in the barriers.
Calculations of the macroscopic capture parameter were carried out upon the distribution of electrons reaches equilibrium (it usually took several picoseconds). The capture parameter p c was calculated using the equation which follows from that derived previously: 4, 5) 
where N is the number of QWs and G is the ratio of the number of captured electrons to the number of electrons passed the QW during a certain period. The quantity G is actually the current gain. Such a method of capture parameter calculation is valid if the current density is proportional to the concentration of electrons in the continuum states, i.e., when electron 
Effect of Barrier Space Charge
The results of MC calculations of the capture parameter in QWIPs with symmetrically doped QWs are shown in Figs. 2 and 3. , the p c -L dependence exhibits a minimum in agreement with the data extracted from experiments. 2, 23) The increase in donor concentration leads to a significant increase in the capture parameter in a wide range of electric fields (see Fig. 3 ). Doping of the barriers results in a sag of the conduction band profile. As a result, the total electric field at the left-hand-side edge of the barrier E l is larger than the average value E, while the field at the right-hand-side edge E r is smaller than E. The total electric field at the latter edge can even be negative. The difference between the electric fields at different barrier edges is given by
where ae is the dielectric constant. Assuming L b = 100 nm and
16 cm −3 , we obtain E 15-30 kV/cm. The latter values are of the same order of magnitude as the applied electric field in our calculations. Thus, the nonuniformity of the self-consistent electric field in the barriers can significantly affect the electron energy and spatial distributions.
Indeed, in a QWIP with relatively high donor concentration in the barriers, the sag of the conduction band profile results in a nonuniform distribution of the electron concentration. The maximum of the latter is shifted under a total electric field in the direction toward the right-hand side edge of the barrier. This leads to a higher concentration of -electrons with kinetic energy lower than the optical phonon energy 0 in the vicinity of QWs and a higher capture rate compared to that in QWIPs with pure barriers in which the electron distribution is nearly uniform. Such a supposition is confirmed by the electron spatial distributions shown in Fig. 4 . Figure 4 shows the distributions of the net electron concentration together with the distributions of -electrons and -electrons with kinetic energy < 0 (distributions of particles corresponding to real electrons) in the barrier for a QWIP with period L = 105 nm and barrier donor concentration N d = 2 × 10 16 cm −3 . The data presented in Fig. 4 were obtained by averaging over all the barriers except those near the contacts.
Effect of QW Doping Asymmetry
An asymmetry in the donor distribution in QWs leads to the built-in electric field in QWs and an asymmetry in the QW form [see Figs. 1(a) and 1(b) ]. The built-in voltage was estimated as E bi = (4π/ae) d ξ , where ξ is the asymmetry parameter (−1 < ξ < 1). The positive sign of ξ corresponds to the shift of the donor average position with respect to the QW center toward the collector side. Figure 5 presents the quantity p − c / p + c , i.e., the ratio of p c at ξ < 0 to p c at ξ > 0 (or at different polarities of the bias voltage) as a function of the electric field for built-in electric fields in the range |E bi | = 0-50 kV/cm for the donor concentration in the barriers N = 1×10 16 cm −3 . The maximum value of E bi corresponds to ξ = 0.8. It is seen that an asymmetric donor distribution results in a marked change of the capture parameter. This effect is associated with the elevation of the right-hand-side barrier if ξ < 0, which promotes the electron capture and the right-hand-side barrier lowering when ξ > 0, resulting in the decrease in capture probability. 14) An asymmetry in the p c -E relationship contributes to the difference in the forward and reverse dark currents and photocurrents. This is due to the dependencies of dark current j dark and photocurrent j ph on capture parameter p c , which are as follows:
c . However, the presence of the built-in electric field influences the rates of the electron escape from the QWs due to both thermionic (or tunneling-assisted thermionic) emission and photoemission. This mechanism was invoked to explain the experimentally observed asymmetry of the currentvoltage characteristics of QWIPs 25) (see also refs. 3 and 24). The rate of electron emission from a QW in the dark condition at elevated temperatures as a function of the total electric field can be expressed as 33, 34) 
, where a 5L w /8 (see ref. 33) , k B is the Boltzmann constant, and T is the temperature. Hence, the elevation and lowering of the barrier lead, respectively, to the decrease and increase in electron emission rate from a QW by the factor exp(eE bi a/k B T ). Taking this into account, one can estimate the ratio of the for- expressed as
where σ + and σ − are the photoionization cross-sections for ξ > 0 and ξ < 0, respectively.
The photoionization cross-section and, hence, the rate of the electron photoemission from QWs are weakly sensitive to the electric field. 2, 35) Because of this, the difference in the forward and reverse photocurrents is smaller than that in the forward and reverse dark currents as observed experimentally (see for example, ref. 
Conclusion
We studied the effect of donor charges in the barriers and QWs on the electron capture processes in multiple QWIPs using an ensemble MC particle modeling. It was shown that the conduction band bending due to ionized donors in the barriers and an asymmetry in the donor distribution in QWs can strongly affect the dependence of the macroscopic capture parameter on the applied electric field (bias voltage). The modeling confirmed the previous assumptions that the donor space charge in the barriers can be the origin of a non-monotonic variation of the capture parameter and the current gain as functions of the QW structure period. An asymmetry in the electric-field dependence of the capture parameter in QWIPs with asymmetrically doped QWs can markedly contribute to ward ( j + dark ) and reverse ( j − dark ) dark currents as j
At T = 77 K, assuming E bi = 25-40 kV/cm, for the exponential factor in the right-hand-side of eq. (2) one can find that this factor is in the range of 10 to 40. Taking into account the latter estimate and the ratio p − c / p + c presented in Fig. 5 , one may conclude that a significant asymmetry in the dark current-voltage characteristics is to a greater extent due to an exponential dependence of the electron emission rate on the barrier height. 25) Nevertheless, an asymmetry in the p c -E dependence can give a marked contribution to the asymmetry in the dark current-voltage characteristic.
The ratio of the forward and reverse photocurrents can be
